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ABSTRACT
This project aimed to advance the deployment opportunities of soft grippers by
providing a technique to quantitatively evaluate the loading distribution of a
manipulator. In an underwater environment, soft grippers show great promise as
they provide a means of delicate manipulation that has been claimed to largely
surpasses the capabilities of traditional rigid grippers. The inherent compliance of
soft grippers passively eliminates accidental shock and point loading; however,
this compliant mechanic also complicates the quantitative assessment of
measuring and mapping the loading exerted by a soft gripper. Knowing the loading
distribution of a soft gripper would provide a numerical means to justify the claim
of capability superiority over a traditional mechanical gripper. This project
successfully proved that a pressure-sensitive film could capture the maximum load
distribution of a fluid elastomer actuator aided granular jamming gripper in an
underwater environment. Analysis of the distribution loading shows that this
gripper exerted a maximum pressure loading which saturated the ultra extreme
low film (>50.3 kPa) in small regions where granular point loading was observed,
while SPI’s Topaq Analysis reported the average pressure to be 29.13 kPa. This
jamming gripper was designed to be field-interchangeable with the Blue Robotics
Newton Gripper which shows average pressure loadings up to three times greater
than the jamming gripper.
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CHAPTER 1

INTRODUCTION
Over the past decades, soft grippers have emerged as a promising technology to
aid in the exploration of deep waters as it has provided a means of manipulation
that complements the capabilities of a traditional rigid gripper. The capability of
handling delicate samples has become more pressing as researchers have gained
access to deep ocean environments with the use of large ROVs [1]. When
traditional rigid grippers are faced with the task of handling fragile, soft, or
deformable objects, these systems’ mechanical and control complexity rapidly
increases to address the flexibility and dexterity needed to manipulate these
objects [2, 3]. In contrast to hard-material grippers, the potential for low-complexity
biomimicry greatly increases with the use of soft materials. Shintake et al. [2]
attribute the recent rapid development of soft grippers to advances in soft robotics,
material sciences, and stretchable electronics.

The work described in this thesis demonstrates a technique to capture the load
distribution exerted by a soft jamming gripper. Knowing the loading distribution
allows for the direct comparison between soft grippers and traditional rigid grippers.
The force mapping technique demonstrated by this project also allows for empirical
loading data to be gathered which can then be used to train simulators and guide
the future development of soft grippers.
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1.1. Project Background
The work for this thesis was funded under the novel technologies theme in the
NOAA Ocean Exploration and Research funding opportunity. The funding was
sought as a way to fund research into soft grippers as they showed great potential
for deep ocean sampling of archeological and biological samplings. Based on the
participating personnel’s extensive experience with deep ocean ROV deployments
and previous work pertaining to novel ideals reading soft robotics, the funding was
allocated with the promised demonstration and extensive shallow water testing of
(a) a novel hybrid soft robotic gripper and (b) a next-generation drive mechanism
that will enable precise control of seawater hydraulics for soft manipulation
purposes [4].

The development of a novel hybrid soft robotic gripper was demonstrated in the
papers “Development of a Soft Robotic Toroidal Gripper for Underwater
Applications” and “Design, Prototyping and Testing Soft Robotics Actuators for
Underwater Gripping and Manipulation” [5, 6]. Peer review of these papers sought
justification on the claim that the soft gripper could handle delicate objects and
asked for the distribution of the loading to be provided before publication and
further development. The compliant nature and required deformation of the gripper
around the object prevented traditional strain sensors and point load cells from
being utilized to map the loading of the gripper. Additional complexities resulted
from the gripper’s being limited to submerged operation due to the neutral
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buoyancy of the gripper in water compared to its weight in air. This call for
justification gave way to the primary objective of this thesis: to develop a technique
to quantitatively evaluate the loading distribution of a soft hybrid gripper with a
compliant jamming surface.

1.2. Thesis Content
Chapter 2 outlines a literature review that covers an overview of soft grippers in
comparison to the traditional rigid gripper, the need for a technique to quantify the
load distribution of compliant grippers, and the current approaches toward
quantification. Chapter 3 presents the methods and design reasoning used for this
project. Chapter 4 describes the results and findings of the project, and chapter 5
summarizes the major finding and presents a path for future research to reduce
the current limitations of this technique and possible sources of error.
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CHAPTER 2

REVIEW OF LITERATURE
This chapter outlines a literature review that reviews soft grippers in comparison
to the traditional rigid gripper, the need for a technique to quantify the load
distribution of compliant grippers, the current approaches towards quantification,
and the potential applications for a quantification technique.

2.1. Soft Grippers
One of the largest driving factors of the recent development of soft grippers is the
extraordinary increase in the capabilities of 3D printers. Most soft grippers are
made from a silicone elastomer. In the past molds were created to shape the silicon
into the desired shape, but printers have now advanced to the point that they can
print the soft grippers themselves. As Vogt et al. [1] explain, 3D printing allows for
rapid re-design and re-fabrication of pneumatic soft manipulators at sea to account
for feedback from ROV pilots and biologists. It has also been demonstrated that a
granular jamming gripper can be printed using a “one shot” technique which,
“exploits multimaterial three-dimensional (3D) printing to create entire grippers,
including membrane and grains, in a single print run” [2].
2.1.1. Jamming Grippers
The granular jamming gripper is a special breed of soft gripper which some believe
will evolve into the universal gripper [3]. Granular jamming provides the capability
of being able to grasp objects of varying shapes and surface properties. A granular
jamming gripper in its simplest form consists of many small particles enclosed by
5

a flexible membrane. These grippers operate by creating a pressure differential
across the membrane (i.e. between the inside of the particle-filled membrane and
the environmental fluid pressure surrounding the membrane) [4]. When there is no
pressure differential present, the membrane does not restrict the motion of the
internal particles which allows the membrane to deform when it encounters an
exterior loading [4, 5]. When fluid is removed from the membrane, a pressure
differential is created, and the internal particles become jammed by the constriction
of the membrane because of the external pressure. Under this condition, the
gripper becomes rigid and is capable of manipulating objects while the pressure
differential is maintained. The inherent compliance of the jamming gripper is very
attractive as the system passively eliminates accidental shock loading. Another
advantageous characteristic of the jamming gripper is that because it operates by
a pressure differential, as Licht et al. [6] proved, the holding strength of a jamming
gripper increases with jamming pressure (i.e. depth). As the jamming gripper is
simplistic, printable, versatile, and capable of passively eliminating point loading,
it is seen as a front runner for biological and archeological sampling.
2.1.2. Capabilities
As the rudimentary capabilities of a granular jamming gripper have been previously
demonstrated the next step to fully integrating the universal jamming gripper into
deep-sea research is to simplify and quantify the design [6, 7, 8, 9]. As Galloway
et al. [10] explained, one of the main reasons the deep ocean exploration
communities are veering away from traditional rigid gripers is to avoid mechanical
complexity. One major drawback to soft grippers up to this point is that they are
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typically accompanied by a web of hydraulic tubing running from the pump to the
gripper themselves. The first goal of this project is to eliminate this degree of
complexity using stereolithography 3D printing to print internal hydraulic lines
within the gripper manifold. Stereolithography is a form of 3D printing that prints
layers using a laser to catalyze a photochemical reaction in a resin to produce a
polymer [11]. This design will allow for the versatile mounting of the gripper on
multiple ROV platforms. Because of this, the design will rely on the thrusters and
positioning of the ROV to provide the initial deformation needed to grasp the item.
Previous designs have utilized gravity to provide deformation of the membrane,
but this requires precise positioning of the ROV directly over the target which is
typically not a view supported by a typical ROV video feed [6, 7]. Other designs
have utilized two jamming grippers in a hybrid toroidal gripper design in which the
target would be inserted between two jamming grippers and rolling diaphragm
cylinders would apply a constant force when jamming [8, 9]. Both configurations
limit the range of manipulation to either purely vertical or horizontal and require
precise positioning of the ROV. By internalizing the hydraulics, the gripper profile
becomes much more adaptable and can therefore utilize the ROVs thrusters to
increase the range at which the gripper will be able to successfully deform and
grasp an object.

2.1.3. Load Distribution
A second common concern associated with all soft grippers is quantifying the force
loading. While the inherent compliance of soft gripper passively eliminates shock
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and point loading, it also presents an extremely difficult condition to map and
consistently model. A key point when designing a system to measure the
deformation and contact force is that the measurement system should not interfere
with the compliance of the gripper nor should it significantly increase the overall
complexity of the system. Hui et al. [12] created a pneumatic soft sensor that was
capable of measuring the contact force of a pneumatic soft finger and estimating
the mass of objects based on the know geometry and deformation of a pocket of
air within the finger. Similarly, Wang et al. [13] created an analytical model for the
soft bending actuator to demonstrate the relationship between hydraulic pressure,
bending angle, and contact force. Both research teams have examined soft
bending actuators as the system can be simplified to known contact points.

Quantifying a jamming gripper becomes more difficult as the gripper must freely
deform around the object in the absence of a pressure differential and then
maintain the ability to fully jam and become rigid. This requires a flexible and
unobstructed membrane which prevents the use of embedded soft pressure
sensors. To quantify the delicate nature of the gripper a pressure-sensitive film has
been selected to quantify the forcing of the gripper. The pressure film can be
waterproofed and has been used the quantify pressures experienced by fish during
downstream passage at hydroelectric dams [14]. This film can be laser cut to fit
around irregular objects.
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2.1.4. Potential Application
A low-low technique for quantifying the contact forces is important for two reasons.
Firstly, before jamming grippers are used on sensitive biological samples (corals,
jellyfish, or marine invertebrates) or non-renewable cultural resources, it is
necessary to quantify that the gripper will not harm the specimen being sampled
[16]. Secondly, to accurately simulate and model how a jamming gripper will
perform against an irregular object a fundamental understanding of the forgings of
the gripper must first be grasped. An accurate simulation of a soft gripper is
desirable to create an optimized gripper without creating and testing multiple
iterations of the design. Additionally, a validated model could be used in the future
to determine if a gripper can grasp a target and can provide recommendations to
the ROV piolet.
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CHAPTER 3

METHODOLOGY
This methods chapter outlines the designs process. The methods outline the
design decisions and provide their justification based on the main objective: to
develop a repeatable technique to capture the load distribution of a soft gripper in
an underwater environment to increase the deployment potential.
3.1. Provided Equipment
To develop a technique to map the load distribution of a soft gripper, two items
were required: a soft gripper and a sensor. As the Robotics Laboratory for Complex
Underwater Environments (R-CUE lab) possessed designs for a fluid elastomer
actuator aided toroidal jamming gripper (Figure 1), this gripper was selected to be
used in the development [1].

(a)

(b)

Figure 1: Previous hybrid toroidal gripper design [1]
The R-CUE design has been an area of research and refinement for the past six
years. In its current design, two grippers were used to surround an object to lift a
wide variety of targets. The dual gripper designed was required to provide the initial
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deformation of the membranes. As this system was working and readily available,
it was selected as a base design for the gripper to be used in testing. Current
projects are exploring the refinement of the gripper membrane and guiding fluid
elastomer actuators (fingers), and the pump system. The next stage of the design
entailed creating a system that required only one gripper that could grasp objects
at any orientation. This gripper design would require an alternative means of initial
deformation.

In addition to this system, the R-CUE lab also had access to a BlueROV2 Heavy
and the compatible Newton Subsea Gripper depicted in Figure 2. The BlueROV2
Heavy presented an ideal platform for field testing as it was highly maneuverable
and powerful with an array of eight T200 thrusters which could be used to provide
the initial deformation of a soft jamming gripper [2]. The system also provided the
means for active stability control [3].

(a)

(b)

Figure 2: (a) The BlueROV2 Heavy Configuration observation class ROV [3] and
(b) the Blue Robotics Newton Subsea Gripper [4]
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3.2. Gripper Design
Given the accessible lab equipment, the first step in designing the experimental
setup was to redesign the gripper to be more in line with the Newton Subsea
Gripper. This entailed creating a system that required only one gripper that could
grasp objects at any orientation. This single gripper design provides more
similitude between the soft gripper system and the traditional rigid gripper, and in
field experiments, the BlueROV2’s thrusters would provide a means of initial
deformation of the gripper membrane. Additional points of design were derived
from other ongoing research projects, as the new gripper should consider providing
a platform for their current and future work. For these reasons a new manifold was
designed using SolidWorks which was 3d printable and incorporated internal
hydraulic lines, NPT threads for quick connect couplings, a filter for the granules,
and secure points for the jamming gripper membrane. The stem of the manifold
was designed to be interchangeable with the Newton Gripper for comparison
testing. This design will be iteratively refined and then printed using the Form 3
resin printers (Figure 3). Internal hydraulic lines were incorporated to reduce
testing complexity and NPT threads were used in the design to allow the system
to be quickly configurable, as the experimental system would inevitably differ from
a field system.
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(a)

(b)

(c)

Figure 3 (a) the Newton Subsea Gripper (b) the model of the new manifold with
internal printed hydraulic lines (c) an assembled gripper utilizing the new design
concepts
In addition, the finger ports were adjusted and separated from the main manifold
design. This will allow a coupling piece to be added to the system to give the
system a configurable finger placement and angle (Figure 4). Individual lines were
run to each finger so that they could be operated individually or in unison. The
design of the gripper utilized the circular pattern and global variable features so
that the manifold can be easily reconfigured.

(a)

(b)

Figure 4: (a) Jamming gripper assembly (b) configurable finger mount
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3.3. Pressure Sensitive Films (PSFs)
Based on the literary review and based on a reference from a Sensor Products
Incorporated (SPI) technical specialist, an Extreme Low Fujifilm Prescale sample
was obtained for preliminary testing (Figure 5). The pressure range of this sample
was 49.6 to 193.1 kPa and noted that the film turns bright red upon application, the
range had been exceeded and a higher-pressure range film was required. The
Prescale sensor consisted of a “donor” and a “receive” sheet which were placed
together to measure the pressures in an area. Both sheets are susceptible to water
damage, so multiple means of waterproofing were explored. Sensor Products
Incorporated had no record of previous underwater experiments which utilized
such sensitive films, but a sealing bag was recommended.

Figure 5: A sample of Extreme Low Fujifilm Prescale sample with range 49.6 to
193.1 kPa
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This project was orchestrated in conjunction with a project that aimed to create a
high-volume low-pressure pump system to drive soft grippers; however, this pump
system was still being designed and was not currently operational. Because of this,
the hydraulic ROV sled (Figure 6) was retrofitted from the hybrid toroidal gripper
project to serve as the Jamming grippers pump. The hydraulic system used for the
hybrid toroidal project was responsible for controlling the actuation of the gripper
arm as well as the gripper. The system was also designed with compensators to
work at greater depths. To simplify the system the sled was configured to act solely
as a pump to jam and unjam the gripper.

Figure 6: The ROV manipulator hydraulic control skid
With the new manifold fabricated, a functioning pump, and the pressure-sensitive
film in hand, an initial test was performed evaluate the potential application of the
film. For the initial testing, the dead band and lower limit of the film were of the
most interest. The lower pressure recognition limit of 193.1 kPa would correspond
to the hydrostatic pressure of about 5.0 m. This was identified as a rather large
lower limit for a soft gripper, so the preliminary test investigated if the film would
register any pressures at all.
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The gripper was assembled and attached to the pump system. A simple test stand
was created to limit the movement of the gripper to a linear path for consistent
testing (Figure 7). The stand was designed to allow for PVC targets of differing
diameters. Additional weights could be added to the stand to simulate heavier
targets.

Figure 7: Preliminary test stand which mounted the target (1” PVC pipe served as
the target here) and limited the range of motion of the gripper
A 1.0 cm strip of the film was placed in a plastic bag and secured to the PVC target
with electrical tape. The gripper was manually pressed against the target to deform
the gripper and the gripper was jammed. A pick-and-place operation in which the
target was gripped, lifted, and moved was conducted, but the film did not register
any loading.

18

To reduce the dead band, it was theorized that increasing the hydrostatic loading
would increase the environmental loading which would therefore decrease the
required loading from the gripper to activate the film. A new test stand was created
which would incorporate a geotechnical triaxial pressure chamber (Figure 8). This
setup used a Flow Trac-II Volume Pressure Controller to increase the pressure
inside the chamber [6].

Figure 8: Preliminary triaxial pressure chamber experimental setup

Two tests were run using this setup. First, a series of weights were placed on the
film sensor and the pressure was increased to 50 kPa, which corresponded to the
lower limit of the film. The results of this test showed little or no difference from
running the experiment where the environmental pressure was not increased. Next,
the Prescale film was placed in the chamber and the pressure in the chamber was
raised to 200 kPa which corresponded to the upper limit of the film. During this test,
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no change in the film was observed despite the hydrostatic pressure being larger
than the upper limit of the film. It is also important to note that when this test was
first conducted water was able to enter the plastic bag as the seal was not perfect.
Multiple bags were sealed and pressurized underwater and a common point of
failure for the seal was identified as the edges of the sealing (Figure 9). For the
remaining experiments heavy duty, double locking plastic bags were used, and
sealing grease was applied at this point.

Figure 9: A common point of leakage for plastic sealing bags
At this point, an SPI technical specialist was consulted, but there were no internal
records regarding the study of how hydrostatic pressures affected the film. It is
possible that material surface force was required to activate the film based on the
structure of the dye capsules on the “donor” sheet. Based on these findings it was
decided to proceed using the Ultra Extreme Low Fujifilm Prescale. This film had a
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range of 6.0 to 50.3 kPa but was not originally recommended due to the analytical
aspirations of the project. This film was less used and studied due to its extreme
sensitivity and its small range. Additionally, limited analysis had been conducted
while using the film as a visual inspection of the results was typically sufficient in
its applications. Nevertheless, SPI agreed to coordinate efforts and provide
quantitative analysis for the Ultra Extreme Low Fujifilm Prescale (UXL) film.

In a similar fashion to the initial film test, two tests were conducted using 4 cm
strips attached to the 1” PVC target. During these tests, the UXL film was activated
and recorded a loading distribution.

3.4. Experimental Trials
With all the components tested, an experiment was designed to demonstrate the
potential capability of the sensing technique.. particularly the ability to measure
three loading regimes of a jamming gripper: the deformation loading, jamming
loading, and manipulation loading.

To control and vary the pressure differential across the gripper membrane, a
triaxial pressure chamber with a 10” acrylic cell was selected (Figure 10). Like the
earlier tests, the triaxial cell would be used with a FlowTrac II pressure and volume
controller to regulate the atmospheric pressure within the chamber. A second
FlowTrac would be used to regulate the gripper pressure which would allow for the
control of the pressure differential over the membrane. It was important that the
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line which was passed into the gripper did not contribute to the loading which would
be measured by the LoadTrac so it was shaped in a coil pattern so that it could
elongate without significant loading.

Figure 10: 10" triaxial pressure cell and a load frame experimental setup
A second area that required regulation was the deformation of the membrane. A
LoadTrac II Load Frame coupled with a CAS SBA 500 lbs load cell would allow for
a constant application of a deformation loading as well as the ability to monitor the
grip loading [7,8]. The LoadTrac system houses a high-speed, precision micro
stepper motor that moves the load platen to apply vertical load and can be
controlled using the TT: UC software. With this setup, the gripper would be
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attached to the triaxial loading piston and then the LoadTrac would be able to apply
a given loading and maintain the loading until the gripper is jammed, after which
the LoadTrac would be able to specify or track the grip force of the system.

The final piece of the experiment was the target. To save time in fabrication and
due to 3d printer availability, the stand was created using laser-cut parts and
assembled with standard fasteners. The stand was made to hold a hollow cylinder
at a given standoff from the base plate. In these experiments, 1” PVC was selected
as the target. The target was secured from the bottom to maximize the undisturbed
surface area for the gripper to grab to maximize the area which could be covered
by the film as the internal diameter of the chamber was only 23.5 cm. The base
plate could either be mounted to the bottom of the triaxial chamber or weighted
and allowed to be lifted (Figure 11).

Figure 11: 1" PVC laser-cut target mounting system
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The 10” triaxial chamber had been out of service for an extended period and
required some restoration. Despite attempts to remedy it, the static friction
associated with the sealing O-ring of the loading piston as well as worn ball
bearings remained an issue. It was determined that the static friction was
significant enough that the readings of the load cell would be invalidated. While the
effect of static friction could be avoided by mounting a load cell inside the chamber
to circumnavigate the static friction at the seal, however, because of time
constraints the experiments could be conducted using ambient atmospheric
pressure on a free surface. This allowed for the removal of the sealing collar of the
loading piston and the associated static friction.

Preliminary tests were run to evaluate the system and set the procedures of the
test. As the triaxial systems must be fully assembled to seal, a secondary chamber
was required to be filled and then pressurized using an air pump to force water into
the triaxial cell. As the triaxial chamber measured 23.5 cm in diameter and 45 cm
tall, filling and draining the system was time-consuming. After preparing the system
the gripper was deformed and the FlowTrac was used to pull a partial vacuum to
jam the gripper. During this process, it was noted that the decrease in pressure
resulted in air separating from the water due to partial pressure. In addition, while
the external environment was near atmospheric pressures, the FlowTrac was not
able to pull a sufficient volume from the gripper to fully jam the gripper. To pull a
sufficient vacuum a Buchner flask was coupled with the air pump to pull sufficient
pressure on the system to fully jam the gripper. As the pump could only pull a
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vacuum, this setup was not at risk of damaging the gripper; however, a full vacuum
would never be attained as the system would reach an equilibrium, typically around
33 kPa. The external pressure measured 102 kPa giving a pressure differential of
135 kPa - in contrast, the FlowTrac could only provide a differential of about 12kPa
with the same environmental pressures.

After running the preliminary tests, it was determined that the triaxial chamber was
not required and proved to be a hindrance while testing using atmospheric
conditions and that the current fingers did not contribute enough support to the
membrane deformation to result in reliable consistent gripping. In order to achieve
a consistent gripper, the fingers were left for later refinement and guide plates were
laser cut to provide consistent deformation and gripping. Multiple iterations were
developed (Figure 12). First, vertical plates were used but did not provide any
support against the slightly positively buoyant granules. The plates were then given
an angle to keep the membrane deforming around the target, but ultimately a
passive dynamic plate was developed which provided regular consistent results.
The guides pivoted and would begin angled, and as the gripper was pushed into
the target the plates would pivot into a vertical position as limited by a physical
stopper. This pivot would force the gripper around the critical curvature of the target.
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(a)

(b)

(c)

Figure 12: (a) vertical guide plate (b) angled guide plate (c) passive dynamic
guide plate
With a consistent gripping system and jamming pump, a chamber with an opentop face was selected to be used while testing under atmospheric conditions.
Three loadings required investigation: the loading distribution resulting from the
deformation of the membrane, the loading distribution resulting from jamming the
gripper, and the loading distribution from object manipulation. The first two loading
scenarios are straightforward but the final one presented many options. It was
decided that since the film only recorded the maximum pressure distribution
experienced, that to measure the loading from lifting/manipulation, the target would
be secured and after the gripper was jammed, at a constant rate the gripper would
be pulled off of the target and the loading would be recorded by the load cell while
the maximum loading distribution was calculated by the film.

To ensure repeatable results the following procedures were maintained between
tests (Figure 14Error! Reference source not found.). The film layers were laser
cut to match the circumferential dimensions of the target.
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(a)

(b)

(c)

Figure 13: a view of the final test setup
Additional cuts were made to denote the upper crest of the target and make the
ends distinguishable (Figure 14). Before each test, the gripper was jammed in air
and then filled with 65 mL of fluid using a 100 mL syringe. The granular fill ratio
was maintained for all tests. The guide plates were ensured to be angled at the
beginning of the test and then the LoadTrac was set to apply a force of 80 N. This
load number was considered reasonable given that each of the four lateral
thrusters on the BlueROV2 can generate 65 N of thrust. The air pump was
activated and equilibrium at about 33 kPa was typically obtained after five minutes.
Before each test, it was ensured that the 500 mL would be added to the Buchner
flask to maintain the partial vacuum equilibrium point. After the gripper was
jammed, the load frame was set to the gripper away from the target at a rate of 1
cm/min. During this time the load cell was used to record the total vertical loading
that the gripper exerted on the target. The water level of the tank remained at 20
cm, with the target located at a depth of 15 cm.
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Figure 14: The DXF file used to cut the films. The corner cut polarizes the
orientation, and the indents indicate the centerline
Three experiments were conducted. The first experiment enlisted the entire set of
procedures listed above, from deforming to pulling the gripper off the target. The
second test followed the procedures through the jamming step after which point
the gripper was unjammed before it was pulled off the target. The final experiment
only deformed the gripper against the target. A new pressure film as applied to the
cylinder before each test. These tests were conducted to investigate the loading
of the gripper in the three stages of operating a jamming gripper. Setting the load
to pull the gripper off the object was selected as a means of examining the
maximum potential loading the gripper was capable of exerting, and this technique
was selected as the film only captures the maximum loading distribution. To gain
a frame of reference to the loading of a traditional rigid gripper, the procedures for
the jamming test were followed using the Newton Subsea Gripper and Extreme
Low Fujifilm. During this test, the only modification from the soft gripper jamming
procedure was that the 80 N of deformation loading was omitted as a rigid gripper
does not require any deformation loading to grip an object.
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Figure 15: An illustration of the trial procedures
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CHAPTER 4
FINDINGS
This chapter covers the findings from the preliminary proof of concept experiment.
As the primary objective of this project was to expand the deployment potential of
soft grippers by developing a technique to map the loading distribution of a
compliant surface, these findings are predominantly viewed as a capability
demonstration of the technique.
4.1. Experimental Results
After each test was completed according to the above procedures, the receiver
film was separated and shipped to SPI for analysis. Figure 16 shows a visual
depiction of the loading distributions resulting from the three stages of jamming
manipulation: deforming the gripper, jamming, and manipulating.

Figure 16: Load distributions collected by the ultra-extreme low receiver films
(range 6.0 to 50.3 kPa) while (Deform) applying a deformation loading of 80 N,
(Jam) applying the deformation loading and drawing a partial vacuum to create a
33 kPa pressure differential across the membrane to jam the gripper and grasp
the target, and (Pull Off) applying the deformation loading, jamming, and then
pulling the gripper off the target at a constant rate of 1.0 cm/min.
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4.2. Analysis
4.2.1. Qualitative
To maintain repeatability, when the film was laser cut, notches were cut to help
consistently align the images with the target (Figure 17). The below figure also
depicts a colored coordinated representation of the cross-section of the 1” PVC
target which was used during the experiments. This colored representation was
then transformed from the cylindrical coordinate system to planar coordinates to
help aid in the visualization of the results.

Figure 17: Indicators were added to the film using a laser cutter to help align the
film with the upper crest (a) and polarize the orientation of the film to denote the
left and right sides in the loading distribution (b). A color map has been added
above the sheets to help visualize the transformation between the cylindrical and
planar coordinate systems
Using the general geometrical awareness derived in Figure 17, a visual inspection
of the results was conducted to provide initial validation of the results before
sending them off for commercial analysis. Figure 18 highlights some of the loading
artifacts recorded by the film.
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Figure 18: Artifacts in the loading distribution (1) general gripper footprint, (2)
granular point loading, (3) streaking resulting from granular point loading as the
target was pulled at a constant rate from the jammed gripper, (A) edges seepage
likely resulting from the residual dye released during the cutting of the donor film,
(B) generic noise, and (C) increased loading as a result of securing the film to the
target via electrical tape.

Starting the analysis with the simplest test where only the deformation loading was
applied a few areas to note are seen. First, as noted by (1) in Figure 18 the general
footprint of the gripper is seen. This footprint matches what was observed during
the experiments, and when comparing it to the mapping of the target’s crosssection, the footprint was generally centered left-right and on the upper crest of the
target. Within the footprint, small areas of higher loading were observed as noted
by (2) in Figure 18. These loading artifacts can be assumed to be point loading
from the packing granules within the gripper as they correspond well with the 3.75
mm diameter granules used. This loading also makes sense as they are located
on the top of the target and signify that the 80 N deformation loading used here
was large than the required amount. This loading was unexpected and will likely
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be explored in the future to mitigate its impact. One possibility would be to use
smaller granules.

These loadings are also seen in the two other experiments as to achieve jamming
or manipulation, the gripper membrane must first be deformed. Because of this
additive property for the later stages, to observe the loading resulting from jamming,
the loading from deformation would need to be subtracted; similarly, to solely
observe the loadings resulting from pulling the gripper off the target, the loading
resulting from deforming and jamming would need to be subtracted because the
film records the maximum loading to which it is exposed.

Understanding all the loading artifacts is important, to be able to separate the
loadings of interest. A few other loading artifacts are present in the deformation
text which were outside of the gripper footprint. Artifact (A) in Figure 18 highlights
that the edges of the film register a loading. This is likely a result of some residual
dye residue resulting from the cutting of the donor sheet. This is not overly
important as the key areas of analysis are towards the center. Artifact (B) notes
the general noise of the instrument which could be amplified by the stress resulting
from bending the sandwiched layers around the target. Lastly, the artifact (C) which
is most notably observed in the second test – deformation and jamming – is a
result of electrical tape being used to secure the film on the target. As the two film
layers were placed in a plastic bag and sealing grease was used to aid in the
waterproofing, it was found that a base layer of electrical tape was needed on the
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target, as electrical tape adheres easiest to itself. This additional layer allowed for
a more secure mounting of the film on the target but it also amplified the loading in
that area. While it is important to be aware of these loadings, they are mostly
located on the edges or are washed out in comparison to the loadings resulting
from the test, and during future analysis, filtering can be used to reduce the effect
of these noise sources.

Looking at the jamming test, the granular loading was more pronounced but still
limited to the top half of the object. This is likely a result of the fact that the 80 N of
loading was maintained until the gripper was full jammed. This means that as the
pressure differential grew, the membrane was forced into itself effectively jamming
the granules, but in the areas between the granules where they did not provide
support, the membrane was able to pull off the surface of the target which greatly
reduced the surface area which was distributing the 80 N of loading. During the
visual inspection, this was the only significant difference between the deforming
test and the jamming test.

Finally, looking at the final test where the gripper was deformed, jammed, and
pulled off the target, there is one major additional loading, marked as (3) in Figure
18. These linear streaks are a result of the granular point loadings being linearly
translated across the target’s surface as the gripper is pulled off the target. After
noting the granular point loading in the deformation trial, this result was expected
around either lip of the target which is exactly where the film recorded the loading.
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The asymmetry in the loading distribution for this trial could be a result of how the
membrane deformed around the target. These marking can better be visualized in
the 3d regime by using a transform function to convert between the planar
coordinate system and the cylindrical system (Figure 19).

Figure 19: A 3d representation of the pull-off trial results
4.2.2. Quantitative
The receiver layers were forwarded to SPI so that they would be able to conduct
their licensed Topaq Analysis. Due to the small range of the ultra-extreme low
(45.1 kPa), SPI did not typically run the quantitative analysis as commercially when
the ultra-extreme low film is used a visual inspection of the colors was adequate.
Despite this and upon request, SPI worked to adapt their software to generate the
Topaq Film Analysis pseudocolor representations and pressure statistics seen in
Figure 20. This analysis was delivered in the form of images in a pdf report.
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Figure 20: Sensor Product Inc. provided Topaq Film Analysis pseudocolor
representations and pressure statistics
The biggest takeaway from the analysis is that the granular point loadings did
saturate the ultra-extreme low film in all three tests. This is seen as the maximum
loading in all three tests was 50.3 kPa. Even though the film was saturated, these
points were small and isolated, and based on the provided maps the loads appear
to be close to this upper limit. In future experiments, the ultra-extreme low and
extreme low films can be used in conjuncture so that these areas can be properly
quantified. This technique is approved by SPI, and they assure the values are
eroded as it is common practice to stack up to three films.

Even though the film was saturated in some areas, the average pressures
remained low during all three trials. It can be seen in Figure 20 that the average
pressure almost doubled (from 17.51 to 26.13 kPa) between the deformation trial
and the jamming trial yet remained almost constant between the jamming and pull37

off trial (from 26.13 to 26.68 kPa). This is likely due to the grip strength relative to
the applied 80 N deformation loading. The grip strength is explored in Figure 21
which visualizes the data collected by the LoadTrac software.

Figure 21: LoadTrac II data and SPI Topaq Analysis for the pull-off test. The
black dotted lines indicate when loading switches between compression and
tension

Here, Figure 21 shows the displacement of the gripper relative to the target and
the total loading of the system. The load cell was zeroed when the gripper was
suspended above the gripper in the water. Positive loading coordinates to
compression, while negative loading represents tension in the system. The system
was set to begin recording after the gripper was fully jammed which is why the
system begins reading 80 N. Once the system began the gripper was pulled off
the object at a constant rate of 10 mm/min which can be seen by the upper plot.
The system seemed to hold at 10 N for about 15 mm with the peak loading being
11.3 N. This corresponds with the granular point loading streaks as the longest
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streak was measured to be approximately 16 mm. The small increase in average
pressure could be attributed to the 11.3 N being distributed over a limited area
(those granules which created these streaks) and the contrast between the 11.3 N
grip strength and the 80 N used to deform the gripper.

4.3. Rigid Gripper Comparison
In order to have a point of comparison, the Subsea Newton Gripper was used to
grasp the target similar to how the jamming gripper would jam to grab the target.
One key difference in the comparison is that no deformation loading was required
for the Newton gripper to grasp the object. Additionally, as the 80 N was
determined by the BlueROV 2’s thrusters, the Newton gripper was set to its limit
when it was set to grab the object as this would be a common practice for a piolet
of a BlueROV 2. Figure 22 shows the Topaq analysis of the two systems grasping
the 1” PVC target. From these analyses, it is seen that the average pressure is
significantly lower for grasping an object with a jamming gripper (26.13 vs 97.42
kPa) while the total force was much higher (66.81 vs 9.34 N). It is important to note
that the Newton Gripper test had to be repeated three times as the loading pierced
the heavy-duty plastic and water damaged the first two samples.
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(a)

(b)

Figure 22: Topaq Analysis for a gripping/deformation and jamming test using the
(a) Newton Subsea Gripper with the extreme low film and (b) the jamming gripper
with the ultra-extreme low film
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CHAPTER 5

CONCLUSION
5.1. Major Findings
A low-cost, configurable, and repeatable technique was successfully developed to
quantitatively evaluate the loading distribution of a soft jamming gripper with a
compliant gripping surface as well as traditional rigid grippers. The film can be
waterproofed using plastic sealing bags, multiple films can be stacked to capture
a wider range of pressures and cut into a shape to capture the shape of a target.
Currently, the approach does require sending the samples for the Topaq Analysis;
however, due to the limited range of the films a visual analysis can be used to
select which films will be sent for the full statistical and proven analysis.

The trials presented in this report were aimed to justify the feasibility of the
technique; nevertheless, the analyses of the results suggest that the majority of
the loading a target experiences is a result of the deformation and jamming.
Additionally, while shock loading is mitigated due to the compliant nature of the
unjammed gripper, when the gripper is jammed, the larger diameter granules will
produce point loadings on the object. When given the similar tasking of grasping a
target, it was determined that when compared to a traditional rigid gripper, a
jamming gripper will present a lower average pressure but larger total force due to
the loading required to deform the membrane around the object.
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Most of the design decisions were made based on a very limiting timeframe.
Because of the time limit, much of this work aimed at incorporating current systems
to develop an experiment to demonstrate the proof of concept while also aiming to
provide a foundation for other current and future projects. Based on these design
constraints and goals, an experimental set was created which can regulate the
pressure differential across the membrane, apply a specified deformation loading,
simulate lifting objects of different weights, pull the gripper off a fixed target,
interchange targets, while also recording the system loading and displacement. To
conclude the film can be used as a cost effective instrument to estimate the
maximum loadings experience by a target.

5.2. Limitations and Sources of Error
The largest source of error for this experiment was the sample size for each case.
Due to time constraints, only one trial for each case was analyzed using the film
technique. Multiple preliminary tests were conducted without the pressuresensitive films but only one set of films was analyzed. This source of error is
compounded by the nature of the jamming gripper. A key point in the design of the
experimental setup was to geometrically limit the deformation and granular packing
of the gripper to ensure consistency. An additional source of error was that of the
pump system. Multiple pump options were considered, but due to time and
mechanical limitations, the final test setup utilized a vacuum pump to apply a partial
vacuum at one end of the system and then the equilibrium of the system was
allowed to be generated. While this system did work, to ensure consistency up to
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10 minutes were allocated to the system reaching equilibrium. Additionally, as the
pressure in the system dropped, due to partial pressures air was allowed to escape
from the water which was observed to momentarily affect the equilibrium. Another
aspect to consider is the waterproofing and securing of the film to the target. While
the current approach is functional, the mounting techniques do affect the loading
as seen in Figure 18 artifact (C). Additionally, waterproofing using a plastic bag is
not always reliable and can be bulky.

A source of uncertainty is presented due to the reliance on the SPI Topaq Analysis.
Firstly, the software has been and is still being internally developed and no outside
validation exists. This means that the exact formulas and procedures used in
creating the analysis are unknown. It can be seen that a low pass filter is used to
reduce the noise in the samples but the specifics of the filtering are unknown.
Secondly, the analysis is presented as images in a pdf report, so little to no
secondary analysis can be conducted. Additionally, according to their internal
records, little research to no research has been conducted with ultra-extreme low
film when it comes to how the readings can be affected by bending stresses of the
films, hydrostatic loadings, or laser cutting. In summary, the ultra-extreme and
extreme-low films’ performances have not been verified in the regards of:
•

A quantified accuracy

•

How stacking films affects the recorded loading

•

How hydrostatic loadings affect the film

•

How sheer or bending stress contribute to the recorded loadings
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5.3. Future Considerations and Research
There are two main avenues to be further explored:
1. Verification of the film
2. Future experimentation

5.3.1. Verification
To scientifically test with these films, the sources of uncertainly must be addressed.
While SPI backs the results reported by this project, future experimentation will
need to address and evaluate the quantitative performance of the sensitive films.
This could also include developing an in-house analysis system derived from
empirical results, which would all for total control of the analysis and the presented
statistics.

5.3.2. Experimentation
As this project was time-limited and one of the driving factors in this design was
future work. The experimental findings of this thesis were seen as a demonstration
of capabilities, but future experiments should work to isolate loading events as best
as possible. In the case of this jamming gripper, negatively buoyant granules could
be used as they could eliminate the need for a defamation loading, and the
jamming pull-off loading could be better isolated. Additionally, as the film records
only maximum loadings, future experiments should aim to limit the dynamics of the
membrane to reduce streaking artifacts and shear loading.
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A waterproof load cell could be mounted between the gripper and the triaxial
loading piston inside of the chamber to circumnavigate the static friction which was
observed due to the sealing of the pistons shaft and the old guiding bearings and
the chamber’s pressure could be regulated. With this implementation, the vacuum
pump and a Buchner flask could be replaced by the two FlowTrac II as the one
would regulate the chamber pressure and one would regulate the internal pressure
of the gripper. These pumps are only able to draw a vacuum of about 12 kPa which
was not sufficient to jam the gripper when the external pressure was atmospheric;
however, the same pressure differential of 135 kPa used in these trials could be
obtained if the environmental pressure was raided from 102 kPa to 123 kPa. This
system would also allow for simulated testing of deeper depths where the true
strength of the system could be observed [1]. Additional modifications to the test
setup could explore alternate sealing techniques such as lamination. These
alternate techniques should aim to reduce bulk, maintain flexibility, and improve
sealing.

Being that the current manifold is compatible with the Newton Subsea Gripper
mount, immediate shallow water testing can be coordinated with the provision of a
working ROV and pump system. Another area of consideration for the future would
be to create a program to analyze the film without the need for SPI’s Topaq System.
In-house post-processing of the film would greatly improve the turnaround of
testing while also giving more freedom in the analysis. Some general consideration
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points regarding the program would include mapping the dye density to pressures,
preprocessing the images of the receiver layer through cropping and low-pass
filtering, estimating and adjusting the luminesce of the image, and passing along
units of length to the program. Fast, in-house processing of the films would allow
for the collection of many empirical data points regarding the loading distribution
of soft gripper design. These data points could be used to optimize a design or
train software to help design and optimize future grippers.

With the ability to laser cut the film into any shape, papercraft-inspired film patterns
could be used to capture the load distribution of 3d objects. Papercraft is a
modeling form in which paper is cut into a specific pattern which can then be folded
to create a 3d object. Blender3D is an open sources modeling tool that can be
used to model an object and then unfold the object into a printable form which can
then be used to construct the 3d model from the paper pattern as seen in Figure
23 [2].

Figure 23: Blender3D allows one to create a 3d model which it then unfolds to
create a paper pattern that can be printed, cut, and folded to create the 3d model
out of paper [2]
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Hudson created a GitHub project to create a tool that can unfold binary STL files
using math and trigonometry [3]. Hudson has had great success as can be seen
in Figure 24.

(a)

(b)

Figure 24: (a) The unfolding of o spherical STL and (b) the construction of a
rabbit based on the generated pattern from unfold program [3]
This idea can be expanded, and a target can be modeled using SolidWorks and
then exported as an STL while specifying the number of surfaces. This STL can
then be used to 3d print targets while also unfolding to generate a pattern to be
used to laser cut the film. After the film is analyzed and a pseudocolor
representation of the load distribution is generated it could be possible to use the
same unfolding to virtually reconstruct the objects effectively computing a
transform between the planar coordinate system and the STL object. The 3d
printed targets could also be printed of varying materials to see how the grippers
perform with more compliant targets such as biological samples.
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